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Preface 

The work descr ibed i n  t h i s  r e p o r t  
w a 8  done by the  author i n  co l l abora t ion  
wi th  D r s .  Mi l l igan  and Jacax. The la t te r  
performed the  measurements and a n a l y s i s  
of t he  i n f r a r e d  d a t a .  The author  of t h i s  
r epor t  c a r r i e d  O u t  the u l t r a v i o l e t  mea- 
surementa. A manuscript based upon t h i s  
r e p o r t  w i l l  be submitted for pub l i ca t ion  
i n  the  Journa l  of Chemical Physics under 
the  j o i n t  au thorsh ip  of the  t h r e e  par- 
t i c i p a n t s .  
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Sa t iona l  h r e a u  of Standards,  Washington, D .  c .  

Abstract  -- 
The i n f r a r e d  and u l t r a v i o l e t  absorpt ion s p e c t r a  of the  frce 

:-adical NCN have been observed followifig pho to lys i s  a t  wave1en;ths 

ionge r  tlian 2800 A of cyanogen azide i s o l a t e d  i n  argon,  n i t r o t e n ,  
0 

carbon monoxide , an2 carbon dioxide ma t r i ces .  'fie i-nfrared-ac t i v e  

-1 
v i b r a t i o n a l  fundamentals of  WCN appear a t  4 2 3  and a t  1475 cm . 
I so top ic  s t u d i e s  are c o n s i s t e n t  with t h i s  i d e n t i f i c a t i o n .  The fo rce  

cons t an t s  and thermodynamic p rope r t i e s  of XCN have been es t imated .  

.- 
1T-c u l t r a v i o l e t  absorp t ion  systems a re  assoc ia ted  u i t h  SCS. The f i r s t  

of t h e s e ,  p rev ious ly  r epor t ed ,  l i e s  near  3290 A .  The second systein i s  
0 

comprised of  a progress ion  of bands spaced a t  i n t e r v a l s  of approximatclJ 

12'15 c z  . 1yinL beti  eer  33PO anJ  2 / 8 0  -1" ':hc :iatnrc o f  t h i s  second 

t r a n s i t i m  i s  disclissetl.  A t  \ravelengths longer than 2800 A both 

-1 0 

0 

cyanogen az-ide and ECK ~ X V E  been found t o  pkotolyze :+ith the  product ion 

o f  carbon atoms. The na ture  of  the ne?: f e a t u r e s  observed i n  the  i n f r a -  

red and u l t r a v i o l e t  s p e c t r a l  i -eglons a f t e r  photo lys i s  ~ 7 i t h  s h o r t  vave- 

l eng th  r a d i a t t o n  i s  considered.  

+ Work supported i n  p a r t  by U S A .  



INTRODUCTION 

Considerable a t t e n t i o n  has  r e c e n t l y  been focused upon the  f r e e  

r a d i c a l  NCN, which has  been de tec ted  i n  independent s t u d i e s  of the  

emission and absorp t ion  s p e c t r a  of r a t h e r  complicated chemical systems. 

Jennings and L inne t t ' l )  observed an  emission spectrum near  3290 

fol lowing the in t roduc t ion  of va r ious  hydrocarbons i n t o  a stream of 

a c t i v e  n i t rogen .  Among the  p o s s i b i l i t i e s  which they suggested t o  

account fo r  t h i s  emission w a s  t he  f r e e  r a d i c a l  NCN. However, s ince  

i s o t o p i c  s tud ie s  were not  f e a s i b l e  i n  t h e i r  experiments ,  t h i s  i d e n t i f i -  

c a t i o n  could not be confirmed. S tudies  by Herzberg on the  f l a s h  photo- 

l y s i s  of diazomethane have y ie lded  a v a r i e t y  of s p e c t r a l  f e a t u r e s  i n  

abso rp t ion ,  among them a system near 3290 A which has  been found t o  
0 

correspond t o  the emission observed by Jennings and L inne t t .  Herzberg 

and Travis (2)  have confirmed the  assignment of t h i s  system t o  NCN and 

have reported a d e t a i l e d  r o t a t i o n a l  a n a l y s i s  of t h e  ( 0 , O )  band of t h i s  

t r a n s i t i o n .  They have found NCN t o  be a l i n e a r  symmetric molecule with 

a 'Y- ground s t a t e .  
!4 

Despite these  important con t r ibu t ions  t o  our understanding of the 

geometric and e l e c t r o n i c  s t r u c t u r e  of NCN, much remains t o  be learned 

about t h i s  species .  The molecular dimensions have been found t o  change 

very  l i t t l e  during the  observed e l e c t r o n i c  t r a n s i t i o n .  Consequently,  

the v i b r a t i o n a l  fundamentals of NCN could not  be deduced from t h e  u l t r a -  

v i o l e t  spectroscopic  d a t a ,  except  f o r  an e s t i m a t e  of 370 5 50 cm f o r  

the  ground s ta te  bending frequency. R e f l e c t i v i t y  l o s s e s  i n  the  mul t ip l e -  

-1 

r e f l e c t i o n  c e l l  used f o r  the absorp t ion  s t u d i e s ,  t oge the r  wi th  the  

2 



accumulation of  carbon depos i t s  during pho to lys i s ,  prevented the  search 

fo r  o ther  t r a n s i t i o n s  a t  s h o r t e r  wavelengths. 

Applic&tion of the  matr ix  i s o l a t i o n  technique a f fo rds  the pos- 

s i b i l i t y  of s t a b i l i z i n g  s u f f i c i e n t  concent ra t ions  of NCN f o r  d i r e c t  

i n f r a red  observa t ion .  However , a complicated sequence of chemical 

r e a c t i o n s  i s  involved i n  the  production of t h i s  spec ie s  e i t h e r  by the  

r e a c t i o n  of a hydrocarbon wi th  a c t i v e  n i t rogen  or  by t h e  pho to lys i s  

o f  a mixture of cyanogen and diazomethane i n  an excess  of n i t rogen ,  

the  system i n  which Herzberg and Travis obtained t h e i r  h i g h e s t  y i e l d s  

of NCN. Thus, n e i t h e r  of these  processes i s  s u i t a b l e  f o r  t he  produc- 

t i o n  of NCN i n  a mat r ix .  The recent  r e p o r t  of Marsh and Hemes (3 1 

of t h e  syn thes i s  of cyanogen a z i d e ,  on the  o ther  hand, provides  a very  

promising source of NCN f o r  mat r ix  observat ions.  A v a r i e t y  o f  az ides  

have been found t o  undergo photo lys i s  e i t h e r  i n  t h e  gas phase o r  i n  a 

mat r ix  with the  e l imina t ion  of molecular N as the  primary process .  

By photolyzing HN i n  an  A r  or  N2 matrix, Mi l l igan  and J a ~ o x ' ~ )  have 

produced the  f r e e  r a d i c a l  NH i n  s u f f i c i e n t  concent ra t ion  f o r  d i r e c t  

i n f r a r e d  spec t roscopic  observa t ion ,  

2 

3 

Milligan") has  obtained the 

35 37 
v i b r a t i o n a l  fundamentals of both N C1 and N C 1  by photolyzing C1N3 

i n  a n  A r  or  N mat r ix ,  and Mil l igan and Jacox(6)  have extended these  

obse rva t ions ,  ob ta in ing  the  in f r a red  s p e c t r a  of NBr  and NF, as well. 

2 

The success fu l  s t u d i e s  on the halimino r a d i c a l s  , toge ther  wi th  

t h e  f requent  p a r a l l e l s  between the chemical behavior of the  C N  group 

and t h a t  of halogen atoms, suggested v e r y  s t rong ly  t h a t  NCN might 

be observed fol lowing t h e  photolysis  of cyanogen az ide  i n  a mat r ix ,  

3 



Evidence confirming the production i:f NCN 

the  d i r e c t  observat ion of the  v i b r a t i o n a l  

has been presented by Mi l l igan  e t  a1 ( 7 )  . 

by t h i s  means, l ead ing  t o  

fundamentals o f  t h i s  s p e c i e s ,  

The present  d i scuss ion  g ives  

a more complete account of t h e  in f r a red  s t u d i e s ,  inc luding  the  consi-  

d e r a t i o n  of o ther  spec ies  produced upon prolonged photo lys i s .  Ultra- 

v i o l e t  observat ions over an extended s p e c t r a l  range a r e  a l s o  r epor t ed .  

EXPERZMENT4L DETAILS 

A s a t i s f a c t o r y  and s a f e  syn thes i s  of cyanogen az ide  f o r  these  

experiments involves  the  passage of a gaseous mixture  of cyanogen 

bromide (Eastman Organic or  of cyanogen ch lo r ide  , p r e -  

pared by the  method descr ibed by Coleman, Leeper , and Schulze") y w i th  

the  matr ix  material through a coluxn packed wi th  d r y ,  finely-powdered 

. sodium azide (Fisher  S c i e n t i f i c  Cc,. ) ( 8 )  a t  room temperature .  React ion 

of the  cyanogen h a l i d e  i s  v i r t u a l l y  complete i f  a freshly-packed az ide  

column 12-15 cm. i n  length  i s  used. Once the  column has  been "deac t i -  

vated" by dep le t ion  of t he  az ide  concen t r a t ion  on the  su r face  of t he  

p a r t i c l e s ,  t he  azidc can be recovered and r e a c t i v a t e d  by c r y s t a l l i z a t i o n  

from a sa tura ted  b o i l i n g  aqueous s o l u t i o n  t o  which a few m i l l i l i t e r s  

of hydrazine hydrate  have been added'"). 

the  ho t  so lu t ion  i n t o  an  excess  of ace tone  g ives  a f ine ly-d iv ided  

c r y s t a l l i n e  m a t e r i a l  which, a f t e r  f i l t r a t i o n  and d ry ing ,  i s  v e r y  re- 

a c t i v e  with cyanoger, bromide o r  wi th  cyanogen c h l o r i d e .  The mixture  

of cyanogen az ide  with the  mat r ix  m a t e r i a l  i s  depos i ted  d i r e c t l y ,  

through a v a r i a b l e  leak ;  gaseous mixtures  con ta in ing  cyanogen az ide  

a r e  not  s tored .  Matrix m a t e r i a l s  used f o r  the  p re sen t  experiments 

P r e c i p i t a t i o n  by pouring 

4 
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a r e  argon,  n i t rogen ,  carbon monoxide, and carbon d iox ide .  Typical mole 

r a t i o s  a r e  between 100 and 300. 

Experiments involving mat r ix- i so la ted  N C I 5 N  and N313CN have a l s o  3 
15 13 been conducted. 95% KC N and 50.5% Na CN (Merck, Sharp, and Dohme o f .  

Canada, Ltd.)(8)  have been coverted t o  cyanogen bromide by the  procedure 

of Hartman and Dreger and then  t o  cyanogen az ide  by t h e  gas phase 

p repa ra t ion  ou t l ined  above. 

The c r y o s t a t s  used i n  these  experiments are similar t o  t h a t  des-  

(12) c r ibed  by Mi l l igan  . Samples  were condensed on a cesium iodide  

window f o r  t h e  i n f r a r e d  s t u d i e s  and on a l i t h ium f l u o r i d e  window f o r  

the  u l t r a v i o l e t  observa t ions .  

Temperatures of 14" and 20°K, the t r i p l e  po in t  and normal b o i l i n g  

po in t  of hydrogen, r e s p e c t i v e l y ,  were used f o r  t h e  observa t ions .  

The pho to lys i s  source was a medium-pressure mercury a r c .  A Corning 

0-53 (-ex 7740)  f i l t e r ( 8 )  w a s  used i n  many of t h e  experiments t o  ex- 

c lude r a d i a t i o n  of wavelength sho r t e r  than  2800 A .  A s  i s  shown, the  na tu re  
0 

of t h e  pho to ly t i c  products  i s  d r a s t i c a l l y  a l t e r e d  i f  s h o r t e r  wavelength 

r a d i a t i o n  pene t r a t e s  t o  t h e  sample. 

In f r a red  spectra were recorded on a double-beam, prism-grating 

spectrometer  (Beckman IR-9)(8). 

ment, t h e  r e s o l u t i o n  and frequency accuracy are both approximately 1 cm 

-1 
between 400 and 2000 cm-' and 2 cm 

Under t h e  condi t ions  of a t y p i c a l  exper i -  

-1 

between 2000 and 3000 cm-'. The CsI 

in te rchange  f o r  t h i s  spectrometer was used t o  s tudy  t h e  spectrum between 

250 and 400 cm . The r e so lu t ion  and frequency accuracy of t h i s  u n i t  a r e  

approximately 3 c m  . 
-1 

-1 

5 



Studies of t h e  i n f r a r e d  and u l t r a v i o l e t  s p e c t r a  on t h e  same sample 

were made by photographing the  u l t r a v i o l e t  absorp t ion  spectrum on 

Eastman Kadak 103a-F p l a t e s ( 8 ) ,  us ing  a Hi lger  medium quar tz  spec t ro-  

graph(8) placed above the  i n f r a r e d  spectrophotometer.  Both a tungs ten  

lamp and a hydrogen d ischarge  lamp have been used as background sources .  

More extensive u l t r a v i o l e t  observa t ions  were made us ing  an  evacuable 

scanning Ebert-Faet ie  monochromator(13), provided wi th  a plane g r a t i n g  

ru l ed  with 1200 grooves p e r  mm. 

t he  s p e c t r a l  r e s o l u t i o n  was about 1 A .  The d e t e c t o r  was an end-on 

With t h e  s l i t  widths  used (100 microns) ,  
0 

photomult ipl ier  tube wi th  a sodium s a l i c y l a t e  coa t ing .  Background 

cont inua were provided by a hydrogen d ischarge  lamp wi th  a "Suprasi l"  

window fo r  the wavelength reg ion  1600-3500 A ,  and by a Sylvania "Sun-Gun" 

Lamp(8) for  the wavelength r eg ion  3500-6000 i. 

(8 

0 

The in f r a red  

pho to lys i s ,  a f t e r  

OBSERVATIONS 

s p e c t r a  of a t y p i c a l  sample of Ar:N3CN = 300 before  

pho to lys i s  us ing  a Pyrex f i l t e r ,  and a f t e r  u n f i l t e r e d  

photo lys i s  a r e  shown i n  F igs .  l a  and lb .  

100 and 300, no mole r a t i o  dependence of any of t he  f e a t u r e s  has  been 

observed, e i t h e r  before  or a f t e r  pho to lys i s .  Table I summarizes the  

frequencies  observed i n  such experiments ,  exc luding  the  f e a t u r e s  known 

Between mole r a t i o s  Ar :N3CN = 

t o  be due t o  cyanogen bromide. For p h o t o l y s i s  

cyanogen a i d e  t o  occur ,  u l t r a v i o l e t  r a d i a t i o n  

than  about 3000 A appears  t o  be requi red ;  when 
0 

0 

of ma t r ix - i so l a t ed  

of wave l eng th  sh o r  t e r  

a Corning 0-54 f i l t e r  , (8) 

having an absolute  cu to f f  near  3000 A ,  w a s  placed i n  t h e  pho to lys i s  beam, 

no photodecomposition of cyanogen az ide  w a s  observed. A f t e r  

6 



pho to lys i s  through a Corning 0-53 (Pyrex 7740) f i l t e r ( 8 ) ,  having an  

abso lu te  cu to f f  near  2800 A,  f e a t u r e s  appear a t  423 and a t  1475 cm , 
0 -1 

When u n f i l t e r e d  photo lys i s  i s  conducted, t hese  f e a t u r e s  and those of 

cyanogen az ide  are replaced by a number of o the r  absorp t ions .  The 

processes  c h a r a c t e r i s t i c  of u n f i l t e r e d  pho to lys i s  may occur a t  wave- 

lengths  as long as 2700-2800 A; when a CC14 f i l t e r ,  w i th  c u t o f f  near 

2700 A,  w a s  used,  f e a t u r e s  c h a r a c t e r i s t i c  of  the  u n f i l t e r e d  photo lys i s  

0 

0 

were observed. 

Although t h e  in f r a red  absorpt ions of  cyanogen bromide appear t o  

change v e r y  l i t t l e  i f  a t  a l l  upon extended pho to lys i s ,  c e r t a i n  f e a t u r e s  

appearing a f t e r  u n f i l t e r e d  photo lys i s  have been found t o  undergo f r e -  

quency s h i f t s  when cyanogen ch lo r ide  is  used in s t ead  of cyanogen bromide 

i n  t h e  p repa ra t ion  of cyanogen azide.  The f requencies  of the  f e a t u r e s  

observed a f t e r  u n f i l t e r e d  photo lps ie  of mixtures  prepared s t a r t i n g  w i t h  

cyanogen bromide and wi th  cyanogen ch lor ide  are compared i n  Table 11. 

The f e a t u r e s  observed i n  N2:N3CN samples both before  and a f t e r  

pho to lys i s  p a r a l l e l  completely those seen  i n  the  A r  m a t r i x ,  as i s  shown 

by F igs .  2a and 2b, f o r  which the  absorpt ion f requencies  are summarized 

i n  Table 111, Severa l  of t he  f ea tu res  ass igned t o  cyanogen az ide  are 

doubled,  wi th  t y p i c a l  s p l i t t i n g s  of 3 t o  5 c m  . -1 

The f e a t u r e s  observed i n  CO:N3CN ~ a m p l e s  before  pho to lys i s  and 

a f t e r  pho to lys i s  using a Pyrex f i l t e r  also p a r a l l e l  completely those 

seen  i n  t h e  A r  matrix, except  f o r  small matr ix  s h i f t s .  O f  course ,  the  

2100-2300 cm-l reg ion  is obscured by t h e  absorp t ion  of t h e  CO matr ix  i n  

t h e s e  experiments.  However, u n f i l t e r e d  pho to lys i s  of t h i s  system r e s u l t s  



-1 
i n  an almost e n t i r e l y  d i f f e r e n t  p a t t e r n  of absorp t ion ;  only t h e  393 an 

f e a t u r e  appears t o  c o r r e l a t e  wi th  t h e  Ar and N 2  matrix observa t ions .  

In s t ead ,  f e a t u r e s  appear a t  5 4 1 ,  5 5 0 ,  5 6 8 ,  5 7 6 ,  1562 ,  2280 ,  and 2400 

-1 
cm . 
the  assignment of a l l  of these  f e a t u r e s  t o  C 3 0 2 "  

absorp t ion ,  wi th  a h a l f  l i f e  a t  1 4 ° K  of approximately 3 minutes,  appears  

a t  1989 cm . A d e t a i l e d  s tudy  of phenomena r e l a t e d  t o  the observa t ion  

of t h i s  t r a n s i e n t  spec ie s  i s  t o  be the  s u b j e c t  of a sepa ra t e  communi- 

Observations on a sample of C 3 0 2  i n  a C O  matr ix  have confirmed 

I n  a d d i t i o n ,  a t r a n s i e n t  

-1 

(14)  c a t i o n  . 
I n  s tud ie s  of t he  system C O  :N CN = 100, observed between 400  and 

2 3  
-1 2400 cm-', f e a t u r e s  appear at 425 and a t  1490 cm 

through Pyrex. When the  Pyrex f i l t e r  is removed, an  absorp t ion  r e a d i l y  

i d e n t i f i e d  as that of carbon monoxide appears  a t  2140 cm . No other  

new fea tu res  appear Over the  wavelength range s tud ied .  I n  t h i s  system, 

when the cyanogen azide has  been completely photolyzed, an  apprec iab le  

upon pho to lys i s  

-1 

-1 
, concent ra t ion  of t h e  spec ie s  r e spons ib l e  f o r  t he  425 and 1490 cm 

f e a t u r e s  remains. Fur ther  u n f i l t e r e d  pho to lys i s  leads  t o  a marked growth 

i n  the carbon monoxide absorpt ion.  

The corresponding i n f r a r e d  observa t ions  on Ar:N C1'N (95%)  = 100 3 
-1 a r e  presented i n  Table N .  It i e  noteworthy t h a t  t h e  423  cm f e a t u r e  

s h i f t s  only s l i g h t l y  and that the  i n t e n s e  1475 m-l f e a t u r e ,  which s h i f t s  

some 6.5 CIU", remains u n s p l i t  i n  t he  I 5 N  experiments .  

hand, t h e  393 cm f e a t u r e  appearing a f t e r  u n f i l t e r e d  pho to lys i s  i s  

replaced by absorp t ions  a t  385 and 391 m-' i n  t h e  1 5 N  s t u d i e s .  

f e a t u r e s  appearing a f t e r  u n f i l t e r e d  p h o t o l y s i s  i n  A r  and N 

On t he  o the r  

-1 

Other 

ma t r i ces  2 

8 



a r e  s h i f t e d  s l i g h t l y  i n  frequency but  remain u n s p l i t .  

The r e s u l t s  of a s tudy o f  t he  s y s t e m  Ar :CO:N I3CN (50.5%) = 1 6 0 : l : l  3 

a r e  summarized i n  Table V. The f ea tu res  c h a r a c t e r i s t i c  of the  presence 

of CO i n  the  system, which are discussed elsewhere(14), have been 

omit ted.  The reg ion  between 2135 and 2155 cm-' i s  obscured by the  

carbon monoxide absorpt ion.  'Ihe cyanogen az ide  f e a t u r e s  a r e ,  i n  gene ra l ,  

found t o  be doubled, confirming t h a t  t h i s  spec ie s  e x i s t s  i n  the  vapor 

phase as t h e  monomer. Both of the  f ea tu res  appearing upon pho to lys i s  

through Pyrex become p a i r s  of equal ly  i n t e n s e  f e a t u r e s  i n  t h i s  exper i -  

ment, confirming t h a t  t h e  spec ies  respons ib le  f o r  t h e i r  appearance 

a l s o  con ta ins  bu t  one carbon atom. 

the  393 cm'' abso rp t ion ,  bu t  t h e  1241 cm 

it an equa l ly  i n t e n s e  f e a t u r e  at 1222 cm . I n  t h i s  experiment,  v e r y  

No s p l i t t i n g  could be resolved i n  

-1 

-1 

f e a t u r e  has  a s soc ia t ed  with 

l i t t l e  r e s i d u a l  cyanogen bromide was p r e s e n t ,  and t h e  f ea tu res  which 

have been found t o  undergo a s h i f t  i n  frequency when cyanogen ch lo r ide  

i s  used i n  the syn thes i s  of cyanogen az ide  were not  observed. 

The wavelengths of t h e  f e a t u r e s  which have been observed i n  u l t r a -  

v i o l e t  s t u d i e s  of t h e  systems N * N  C N ,  CO:N C N ,  and A r : N  CN are sum- 

marized i n  Tables V I  and VII. N o  d i s c r e t e  u l t r a v i o l e t  absorp t ions  a t -  

2 '  3 3 3 

t r i b u t a b l e  t o  cyanogen az ide  have been observed, bu t  a weak, broad 

abso rp t ion  band i s  observed between 2100 and 2300 A. This substance 
0 

photolyzes  with g r e a t  ease when subjected t o  s h o r t e r  wavelength u l t r a -  

v i o l e t  r a d i a t i o n .  A f t e r  pho to lys i s  through a Pyrex f i l t e r ,  an  i n t e n s e  

abso rp t ion  appears  near  3300 A. As is shown i n  F ig .  3 ,  a progress ion  
0 

-1 
of abso rp t ion  bands spaced a t  i n t e r v a l s  of about 1045 c m  a l s o  appears 

9 



0 

between 3000 and 2400 A. 

ponent appears about 50 cm t o  the  v i o l e t  of each of t h e  major peaks 

In  t h e  N2 mat r ix  observa t ions ,  a second com- 

-1 

i n  t h i s  progression. Similar  observa t ions  have been made i n  A r  matr ix  

experiments,  except t h a t  small matrix s h i f t s  occur and t h a t  t h e  s p l i t t i n g s  

i n  the  3000-2400 bands are somewhat smaller (about 35 cm-'). On photo- 

l y s i s  with u n f i l t e r e d  r a d i a t i o n ,  a l l  of t hese  f e a t u r e s  diminish i n  in -  

t e n s i t y  and u l t i m a t e l y  d i sappea r ,  and, as shown i n  Fig.  4 ,  i n  the  N2 

mat r ix  an i n t e n s e  f e a t u r e  appears  near  4190 A (near  4240 A in the  A r  
0 0 

matrix), toge ther  wi th  weaker f e a t u r e s  a t  somewhat s h o r t e r  wavelengths. 
0 

I n  CO mat r ix  observa t ions ,  t he  f e a t u r e s  appearing near  3300 A and 
0 

between 3000 and 2400 A a f t e r  pho to lys i s  through a *ex f i l t e r  are 

ve ry  in t ense ,  uns t ruc tu red ,  and markedly broadened. However, a f t e r  

photo lys i s  u s ing  u n f i l t e r e d  r a d i a t i o n  they are rep laced  by th ree  ab- 

so rp t ions  near 4365, 4195, and 4005 A,  as shown i n  Fig.  4 .  The c e n t r a l  
0 

f e a t u r e  exh ib i t s  somewhat d i f f e r e n t  growth behavior  from the  o the r  two. 

Upon prolonged photo lys i s  i t s  i n t e n s i t y  l e v e l s  o f f ,  whereas the  in-  

t e n s i t i e s  of the  o the r  two f e a t u r e s  cont inue t o  grow. 
0 

In  add i t ion  t o  the  long wavelength f e a t u r e s  (3700-4500 A )  t h a t  

appea r  on prolonged u n f i l t e r e d  pho to lys i s ,  a r a t h e r  complex band 

system appears a t  s h o r t e r  wavelengths (2400-1700 A ) ,  as shown i n  
0 

Table V I 1  and Fig. 5 .  The bands are g e n e r a l l y  similar i n  argon and 

n i t rogen  mat r ices ,  bu t  are not  observed a t  a l l  i n  t h e  CO matrix. In  

Fig. 5c the spectrum of cyanogen i n  argon a t  14°K i s  reproduced t o  

demonstrate t h a t  none of t h e  observed s t r u c t u r e  i n  t h e  pho to lys i s  

products  can be a t t r i b u t e d  t o  cyanogen. 

10 



// 
, c 

/ 

The photographic observa t ions  of t h e  u l t r a v i o l e t  spectrum on 

samples  which were a l s o  s tudied  i n  the i n f r a r e d  s p e c t r a l  reg ion  have 

e s t a b l i s h e d  t h a t  t h e  growth rates and pho to ly t i c  behavior of the i n f r a -  

red  and u l t r a v i o l e t  f e a t u r e s  a r e  exac t ly  p a r a l l e l .  Thus, f o r  example, 

t h e  i n t e n s e  u l t r a v i o l e t  abso rp t ion  near 3300 A ,  t h e  progress ion  beyond 

3000 i, and the  423 and 1475 cm-' i n f r a red  f e a t u r e s  a l l  undergo simul- 

0 

taneous changes i n  i n t e n s i t y  as the  du ra t ion  of pho to lys i s  and the  

wavelength of t he  photolyzing r a d i a t i o n  a r e  va r i ed .  

When extended photo lys i s  of the sample w a s  conducted us ing  the  

f u l l  l i g h t  of t he  mercury a r c ,  a l l  of t he  f e a t u r e s  c h a r a c t e r i s t i c  of 

pho to lys i s  with sho r t e r  wavelength r a d i a t i o n  except  t h e  1241  cm-' 

f e a t u r e ,  which diminishes  slowly i n  i n t e n s i t y ,  remained unchanged i n  

i n t e n s i t y  a f t e r  t h e  cyanogen az ide  and the  substance respons ib le  f o r  

t he  423 and 1475 cm absorp t ions  had been destroyed.  It has not  been -1 

poss ib l e  t o  use  such s t u d i e s  t o  s o r t  out  t h e  precursors  of the  va r ious  

f e a t u r e s  c h a r a c t e r i s t i c  of s h o r t  wavelength pho to lys i s ,  s ince  cyanogen 

az ide  and the  o the r  poss ib l e  precursor  of these  absorp t ions  photolyze 

a t  approximately the  same r a t e .  The p o s s i b i l i t y  of complete i n i t i a l  

d e s t r u c t i o n  of t h e  cyanogen az ide  by photolyzing through a Pyrex 

f i l t e r ,  followed by pho to ly t i c  d e s t r u c t i o n  d t h e  in te rmedia te  and ob- 

s e r v a t i o n  of the  products ,  could not be r e a l i z e d ;  even a f t e r  prolonged 

p h o t o l y s i s  through Pyrex, an  appreciable  concent ra t ion  of cyanogen 

a z i d e  remained. It i s  be l ieved  tha t  t he  ex tens ive  u l t r a v i o l e t  ab- 

s o r p t i o n  of t he  product spec ie s  f i l t e r s  much of t h e  r a d i a t i o n  e f f e c t i v e  

i n  photolyzing cyanogen az ide .  As previous ly  mentioned, i t  i s  a n t i c i -  

pa t ed  t h a t  N2 and NCN w i l l  be t h e  primary products  of t h e  pho to lys i s  
11 



of N3CN. 

cyanogen az ide  w a s  made by photolyzing a I4N : N  C 

a Pyrex f i l t e r .  

A check on t h e  p o s s i b i l i t y  of t he  reverse reactim t o  re-form 

15 N = 100 sample us ing  2 3  
14 

-1 
No formation of N3C 

The f e a t u r e s  a t  423 and 1475 cm 

N was de tec t ed  a f t e r  photo lys i s .  

were found t o  d isappear  when 

the  sample was warmed t o  a temperature of 35'K, permi t t ing  d i f f u s i o n  

t o  occur i n  t h e  matrix. 

a f t e r  photo lys i s  with more e n e r g e t i c  r a d i a t i o n  a l s o  disappeared a t  

t h i s  temperature.  However, t he  f e a t u r e s  a t  1236, 1923, and 2110 cm 

could be observed a t  somewhat h ighe r  temperatures ,  and t h e  remaining 

peaks were too  weak be fo re  the  wamup ope ra t ion  f o r  s i g n i t i c a n t  s t u d i e s  

of them t o  be made. 

During warmup, a b lue  glow, shading i n t o  a deep r o s e  co lo r  i n  the  

c e n t e r  of t h e  sample, which w a s  subjec ted  t o  more i n t e n s i v e  pho to lys i s  

because of t he  c h a r a c t e r i s t i c s  of the  qua r t z  focus ing  l e n s ,  has  been 

observed. 

The f e a t u r e s  appearing a t  393 and 1241 c m - I  

-1 

DISCUSSION 

A s  is  seen from the i n i t i a l  traces of F igs .  1 and 2 and from 

Tables I and 111, the  correspondence between the  i n f r a r e d  f e a t u r e s  

repor ted  by Marsh and Hemes 

nent  f ea tu re s  i n  the  matrix observa t ions  i s  e x c e l l e n t .  Thus, t h e  re- 

a c t i o n  of t he  major po r t ion  of t he  cyanogen h a l i d e  wi th  t h e  az ide  i n  

the  column t o  form cyanogen az ide  i s  f i r m l y  e s t a b l i s h e d .  

a t  444,  450,  8 6 5 ,  and 923 c m  , no t  r e p o r t e d  i n  the ear l ie r  work, may 

a l s o  be assigned t o  cyanogen az ide ,  as may be a weak f e a t u r e  near  6 5 5  

cm , genera l ly  obscured by the  a b s o r p t i o n  of traces o f  carbon d ioxide  

(3) f o r  cyanogen az ide  and the  most promi- 

Weaker f e a t u r e s  

-1 

-1 
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I 

i n  t h e  sample. 

I d e n t i f i c a t i o n  of NCN 

The p a r a l l e l  growth and disappearance of t he  i n f r a r e d  absorp t ions  

a t  423 and 1475 c m - l ,  of t h e  in t ense  u l t r a v i o l e t  band near 3300 i, and 
0 

of the  3000-2400 A progress ion  suggest t h a t  a l l  of these  f e a t u r e s  a r e  

cont r ibu ted  by a s i n g l e  species .  Warmup d a t a  i n d i c a t e  t h a t  t h i s  spec ie s  

i s  h igh ly  r e a c t i v e .  

been i d e n t i f i e d  as the  f r e e  r a d i c a l  NCN. Fac to r s  of importance i n  i t s  

I n  a n  e a r l i e r  c ~ m m u n i c a t i o n , ( ~ )  t h i s  spec ie s  has  

i d e n t i f i c a t i o n  a re :  

(1) Photodecomposition of az ides  by the  s p l i t t i n g  o f f  of 

molecular N occurs  q u i t e  commonly. Assuming t h a t  t h i s  

i s  a l s o  the  primary pho to ly t i c  process  f o r  cyanogen 

2 

az ide ,  t h e  f r e e  r a d i c a l  NCN should be the  o t h e r  product.  

( 2 )  The appearance of an in t ense  u l t r a v i o l e t  absorp t ion  

near 3290 A provides  s t r o n g  i n d i c a t i o n  that  the f r e e  
0 

r a d i c a l  NCN i s  indeed produced i n  the  p re sen t  exper i -  

ments. Since a l l  of the  o t h e r  f ea tu res  observed a f t e r  

Pyrex- f i l t e red  photo lys i s  appear and disappear  simul- 

taneously wi th  t h i s  f e a t u r e ,  it i s  suggested t h a t  t hey ,  

t o o ,  may be i d e n t i f i e d  w i t h  NCN. Moreover, the 423 

cm f e a t u r e  appears c l o s e  t o  t h e  va lue  of t he  ground 

state bending frequency (370 2 50 an-') es t imated  f o r  

NCN by Herzberg and Travis . 
Recent e l e c t r o n  s p i n  resonance observa t ions  by Wasserman, 

Barash, and Yager (I5) of t h e  Pyrex- f i l t e red  pho to lys i s  

-1 

( 2 )  

( 3 )  
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of cyanogen az ide  suspended i n  a f luorocarbon mat r ix  

have y ie lded  a t r i p l e t  spec ies  with a sp in-sp in  coupl ing 

i n  e x c e l l e n t  agreement wi th  t h a t  found by Herzberg and 

Travis  f o r  NCN. 

The i n f r a r e d  observa t ions  employing I3C s u b s t i t u t i o n  (4)  

show t h a t  t h e  product spec ie s  conta ins  one and only one 

carbon atom, while  t he  observa t ion  t h a t  each of t h e  i n f r a -  

red  f e a t u r e s  undergoes a s m a l l  frequency s h i f t ,  wi thout  

doubling, when N3C 

t h e  I 5 N  atom remains i n  a unique p o s i t i o n  a f t e r  pho to lys i s  

15 N i s  photolyzed r e q u i r e s  t h a t  e i t h e r  

o r  a l l  of t h e  N atoms are equiva len t .  

VIII, agreement between the  observed f requencies  and those 

A s  shown by Table 

ca l cu la t ed  f o r  i s o t o p i c a l l y - s u b s t i t u t e d  NCN (assuming 

t h a t  t he  corresponding f requencies  f o r  14N12C15N are the  

mean of the  va lues  f o r  14N12C14N and 15N12C15N) is  ex- 

c e l l e n t .  

I n  summary, a v a i l a b l e  evidence p o i n t s  s t r o n g l y  t o  the  conclusion 

t h a t  a l l  of the f e a t u r e s  observed a f t e r  Py rex - f i l t e r ed  pho to lys i s  of 

cyanogen azide a r i s e  from the  spec ie s  NCN. Using t h e  f requencies  ob- 

served i n  an argon mat r ix  and a s imple va l ence  fo rce  p o t e n t i a l ,  the  

fo rce  constants  of NCN have been c a l c u l a t e d  t o  be kCN = 5.38 mdyn/A 

and kbend 

bond d i s t ances  f o r  ground s ta te  NCN comparable t o  those  f o r  carbon- 

0 

0 

= 0.22 mdyn/A. Although Herzberg and Travis have obtained 

n i t rogen  double bonds, t he  va lue  of kcN c m p a r e e  more c l o s e l y  t o  t h a t  

of carbon-nitrogen s t r e t c h i n g  fo rce  c o n s t a n t s  of t y p i c a l  singly-bonded 

14 
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spec ie s .  However, our gene ra l i za t ions  regard ing  t y p i c a l  t a l u e s  of force  

cons tan ts  have beemmule us ing  r e l a t i v e l y  s t a b l e  s i n g l e t  species4 l i t t l e  

i s  known regarding fo rce  cons tan ts  for  t r i p l e t  molecules.  

Using the ca l cu la t ed  v a l u e  f o r  kCN, t h e  i n f r a r e d - i n a c t i v e  synanetric 

s t r e t c h i n g  fundamental of NCN i s  predicted t o  l i e  a t  808 cm . However, 
-1 

t h i s  es t imate  has  neglected the r o l e  of t h e  s t r e t c h i n g  i n t e r a c t i o n  force  

cons t an t ,  which has  been found t o  be apprec iab le  f o r  a number of linear 

i i d t o m i s  s p e c i e s ,  inc luding  C 0 2  ( I6) ,  N20,  and CCO ( I 4 ) .  Subject  t o  the  

-1 
assumption t h a t  t h e  symmetric s t r e t c h i n g  fundamental of NCN i s  808 cm , 

the the indynamic  p r o p e r t i e s  summarized i n  Table IX have been estimated 

f o r  NCN (3X-). 

as h igh  as 1000 cm f o r  t h ree  d i f f e r e n t  temperatures  have been included. 

Values appropr ia te  t o  a sy rwe t r i c  s t r e t c h i n g  fundamental 
g 

-1 

b:lcctronic Spec t rum o f  NCN - 
The ground s t a t e  e l e c t r o n i c  conf igura t ion  of NCN has  been found t o  

be 

2 ... 21: 26 1-  1- 

<3t7.J the ground s t a t e  has been observed t o  possess  3Y- symmetry. 

g u  u g ’  
Herzberp 

k? 
0 

and Travis  have r e l a t e d  the  upper s t a t e  o f  the  3 2 9 0  A t r a n s i t i o n  t o  the 

3 
- s t a t e  of  the u 

3 1- 
7 

I-u g .,,2c - 2c 
g =  

e l e c t r o n  conf igu ra t ion .  Another r e l a t i v e l y  l o w  e l e c t r o n  conf igura t ion  

f o r  NCN i s  expected t o  be 

2 3 3  1- I ru  g ..,2c: 20  
g u  

;“he t r a n s i t i o n  between the  ground s t a t e  and the  3C- s t a t e  wi th in  t h i s  

con f igu ra t ion  would be allowed. I n  accordance wi th  the arguments of 

U 
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( 1 7 )  Walsh , NCN.would be expected t o  remain l i n e a r  i n  t h i s  s t a t e ,  

although i t  i s  l i k e l y  t h a t  an apprec iab le  change i n  t h e  carbon-nitrogen 

bond d i s t ances  would r e s u l t ,  accompanied by a progress ion  i n  the  upper 

s ta te  symmetric s t r e t c h i n g  frequency. The analogous p a i r  of t r a n a i -  

t i o n s  has been observed by Dixon (I8' f o r  NCO, which has  a ground 

s ta te  e l e c t r o n i c  conf igu ra t ion  d i f f e r i n g  from t h a t  of NCN by the  ad- 

d i t i o n  of one e l e c t r o n  t o  t h e  In o r b i t a l .  As f o r  NCN, the  lowest 

allowed t r a n s i t i o n  has  been found t o  occur wi th  v e r y  l i t t l e  change i n  
g 

2 
the  moment of i n e r t i a .  Furthermore, t h e  B (2n) - X ( n)  system of NCO, 

0 

ly ing  between 2650 and 3200 A, possesses  a progress ion  i n  t h e  upper 

s t a t e  s p e t r i c  s t r e t c h i n g  v i b r a t i o n ,  v I .  Dixon (I9) r e p o r t s  BOme 

evidence f o r  t he  p r e d i s s o c i a t i o n  of NCO i n  the  B ( n) s t a t e .  

of these  p a r a l l e l s ,  i t  appears  reasonable  t o  a s s i g n  t h e  3000-2400 A 

1 
2 I n  view 

0 

3 -  3 progression observed f o r  NCN t o  the  t r a n s i t i o n  B ( c ) - X ( c'), in-  
U g 

volv ing  e x c i t a t i o n  of t he  upper s ta te  synnnetric s t r e t c h i n g  fundamental. 

A t h i r d  e l e c t r o n i c  conf igu ra t ion  t o  which a n  allowed t r a n s i t i o n  

would be poss ib l e  f o r  NCN would involve the  promotion of one of the  ITT 

e l e c t r o n s ,  giving 
g 

2 2 2 2 ... 2 0  2 0  ITT ITT If; o r  ... (al ') ( b i ' )  (al ' )  (b2 ' )  ( a l l s C ) ( a i ' ) ,  
g u  u g u  . There is some u n c e r t a i n t y  i n  t h e  r e l a t i v e  (17) i n  the  no ta t ion  of Walsh 

order  of o r b i t a l  ene rg ie s  appropr i a t e  t o  the  bent  conf igu ra t ion .  I n  a 

s t a t e  belonging t o  t h i s  conf igu ra t ion ,  t h e  arguments of Walsh p r e d i c t  

t h a t  NCN would be bent .  Furthermore, since an e l e c t r o n  i s  promoted from 

a bonding rr-orbi ta l  to an ant ibonding n - o r b f t a l ,  t h e  carbon-ni t rogen 

bonds would be weakened. Thus, pho tod i s soc ia t ion  from this s t a t e  

would be l i k e l y .  An a l t e r n a t i v e  
16 
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assignment of t he  3000-2400 A progression t o  a t r a n s i t i o n  having i t s  

upper state of thirg e l e c t r o n i c  conf igura t ion  appears ,  h m e v e r ,  t o  be 

r e l a t i v e l y  improbable. With such a n  assignment,  t he  progress ion  w o u l d  

be expected t o  involve sepa ra t ions  represent ing  twice t h e  upper s t a t e  

bending frequency. The observed separa t ion  (about 1045 cm -1 ) would 

-1 
thus  correspond t o  a bending frequency of approximately 520 c m  

100 cm-' h ighe r  t han  t h e  va lue  observed f o r  the ground s t a t e .  

, some 

Although 

an inc rease  i n  the bending frequency i n  going from a l i n e a r  t o  a bent 

conf igu ra t ion  cannot be excluded, i t  appears  t o  be r a t h e r  un l ike ly .  

D Xx on (20) has concluded from an a n a l y s i s  of t he  carbon monoxide flame 

bands t h a t  t h e  analogous Rydberg-type t r a n s i t i o n  of C02 l eads  t o  a 

molecular  angle  of 122' i n  t h e  upper state and has est imated t h a t  t h e  

beriding frequency i n  t h i s  upper s ta te  is near 600 cm 

667 cm-' i n  the  l i n e a r  ground state. 

-1 , compared t o  

-- Iviechanisrn "-..._I__ - of Reactions Occurring i n  t he  Matrix 

(15) The present  s t u d i e s  and those  of Wasserman, Barash, and Yager 
0 

ir'dicate t h a t ,  a t  wavelengths between 3000 and 2800 A,  t he  photode- 

CGIIIpOSitiOlI of cyanogen az ide  leads  t o  t h e  product ion of t h e  f r e e  r a d i c a l  

&IC N : 
0 

N3CN f hv (3000>X>2800 A)  -+ NCN + N2 (1) 

By s p i n  conserva t ion ,  NCN should be formed i n  an exc i t ed  s i n g l e t  s t a t e ,  

which i s  deac t iva t ed  by the  m a t r i x  t o  the  observed ground t r i p l e t  s ta te ,  
0 

At wavelengths s h o r t e r  t han  approximately 2800 A,  NCN undergoes 

p h o t o l y s i s .  Since i n  the  CO matrix experiments t h e  major product of 

u n f i l t e r e d  pho to lys i s  has  been found t o  be carbon suboxide, i t  i s  

17 



suggested t h a t  t he  pho to lys i s  of X N  i s  l i k e l y  to proceed wi th  the  forma- 

t i o n  of N and atomic carbon. Observations of the  pho to lys i s  of NCN i n  

t he  C02 matrix, i n  which apprec iab le  NCN remained a f t e r  a l l  of the 

cyanogen az ide  had been photolyzed, support  t h i s  conclusion;  apprec iab le  

2 

growth i n  the carbon monoxide absorp t ion  r e s u l t e d  a8 NCN w a s  photolyzed. 

By s p i n  conservat ion,  t he  pho to lys i s  of E N  i s  l i k e l y  t o  lead t o  the  

formation of C( P) 

4 .  

3 

It i s  conceivable that the  pho to lys i s  of NCN occur8 by p red i s soc ia t ion  

from the  C upper state. However, there does not  appear t o  be an  

onse t  of apprec iab le  broadening i n  the f e a t u r e s  observed beyond 2800 A 

3 -  
U 

0 

i n  A r  and N2 mat r i ces ,  although NCN has  been found t o  photolyze e f f i -  

c i e n t l y  a t  these wavelengths. Furthermore, i t  i s  d i f f i c u l t  to envis ion  

d i s s o c i a t i o n  of NCN (3ii) t u  C + N2: t h e  m o s t  l i k e l y  d i s s o c i a t i v e  path 

from a l i n e a r  exc i ted  s t a t e  would probably involve a tomiza t ion ,  a process  

f o r  which a considerably g r e a t e r  energy than  t h a t  corresponding t o  2800 A 

4 

0 

is  expected t o  be requi red .  On t h e  o the r  hand, t he  Rydberg-type t r a n s i -  

t i o n  t o  a bent  conf igura t ion  involves  t h e  promotion of an e l e c t r o n  t o  an 
I 

antibonding n - o r b i t a l ,  which c o r r e l a t e s \  wi th  the  l o c a l i z a t i o n  of t h i s  

e l e c t r o n  on t h e  C atom as the  valence ang le  approaches 90'. It i s  easy 

t o  envis ion  the  production of N2 and C atoms from t h i s  conf igura t ion .  

Thus, although a d e f i n i t i v e  assignment cannot  be made, i t  appears  q u i t e  

poss ib l e  t h a t  t h e  photodissoc ia t ion  of NCN involves  a Rydberg-type 

t r a n s i t i o n ,  wi th  a continuum underlying t h e  d i s c r e t e  f e a t u r e s  observed 

beyond about 2800 A. 

i 

0 

18 



ibkrsh and have reported two r eg ions  of u l t r a v i o l e t  
0 

absorp t ion  f o r  cyanogen az ide- -ok  centered near  2750 A ,  which apparent ly  

accounts f o r  t hg  observed productioD of NCN, and another ,  twenty t i m e s  

as i n t e n s e ,  near  2200 A.  It appears u n l i k e l y  t h a t  NCN i s  produced i n  
0 

t h i s  h igher  energy t r a n s i t i o n ,  s ince  i n  the  u n f i l t e r e d  photo lys i s  of 

cyanogen az ide  no l a rge  i n i t i a l  surge i n  t h e  concen t r a t ion  of NCK has  

been observed. A p o s s i b l e  mechanism f o r  t h i s  h igher  energy photo lys i s  

involves  the  photoisomerizat ion of cyanogen az ide  and subsequent de- 

composition o r  photodissoc ia t ion  of the  spec ie s  N NC: 3 
0 

N3CN + hv (1<2800 A )  4 N3 + CN ( 3 ) .  

The f r e e  r a d i c a l s  N 

s ince  they are trapped i n  the  same c a v i t y  i n  t h e  m a t r i x .  Such r e a c t i o n  

and CN would be expected t o  undergo r ap id  r e a c t i o n ,  3 

could lead t o  the r egene ra t ion  of some of the  cyanogen az ide .  However, 

an apprec iab le  f r a c t i o n  of t he  molecular fragments might be expected 

t o  recombine 

Considerable  

N i l l i g a n  and 

by React ion ( 4 ) :  

N3 + CN -t N3NC 

precedent exists f o r  

Ja c ox (21) have found 

o f  ma t r ix - i so l a t ed  HCN, C l C N ,  and 

( 4 )  

t h e  p o s m l a t i o n  of t h i s  process;  

t h a t  t he  vacuum u l t r a v i o l e t  photo lys i s  

BrCN leads  p r i n c i p a l l y  t o  the cor- 

responding isocyanides .  

uns t ab le  and t o  decompose spontaneously or' p h o t o l y t i c a l l y .  

The species  N3NC would be expected t o  be h igh ly  

'N3NC - 2N2 + C (5) .  

The d e t a i l s  of R e a c t i o r ( 5 )  a r e ,  of course ,  unknown, Such a process 

could be envisioned as involv ing  the product ion of CN2 a s  an in te rmedia te .  

It i s  noteworthy t h a t  t h e  photodecomposition of cyanogen a z i d e  by t h i s  

19 



1 
higher  energy process  could e a s i l y  lead t o  the  appearance of C ( D ) ,  

a s  w e l l  a s  of C ( P ) .  
3 

There i s  some suggest ion t h a t  a t  l e a s t  a s m a l l  amount of CN" may 

be s t a b i l i z e d  following t h e  u n f i l t e r e d  photo lys i s  of cyanogen az ide .  

dassernian) Barash , and Yager (15) have repor ted  the  appearance of a 

sccond t r i p l e t  spec le s  which they be l i eve  t o  be CNN fol lowing the  re- 

moval of t he  Pyrex f i l t e r  from the  photolyzing beam t o  which t h e i r  

f1aorocarbon:cyanogen az ide  samples were subjec ted .  The u l t r a v i o l e t  

f e a t u r e s  appearing i n  n i t rogen  mat r ix  experiments a t  4189 and 3964 A 
0 

correspond very  w e l l  wi th  f e a t u r e s  observed by Goldfarb and Pimentel  ( 2 2 )  
0 

a t  4182 and 3968 A fol lowing t h e  pho to lys i s  of diazomethane with u l t r a -  
0 

v i o l e t  r a d i a t i o n  s h o r t e r  than  3400 A ,  Robinson and McCarty ( 2 3 )  have 
0 

observed a f e a t u r e  a t  4240 A fol lowing the  pho to lys i s  of diazomethane 

i n  a krypton m a t r i x .  These workers have suggested t h a t  t h i s  f e a t u r e ,  

which has i t s  counterpar t  i n  a s t rong  band appearing a t  4238 A fol lowing 
0 

the  u n f i l t e r e d  photo lys i s  of cyanogen az ide  i n  an argon ma t r ix ,  may be 

assigned to C N  or  t o  H C N 2 .  2 

It has not been poss ib l e  t o  o b t a i n  a d e f i n i t i v e  assignment t o  CNN 

of  any of t h e  i n f r a r e d  f e a t u r e s  appearing a f t e r  u n f i l t e r e d  pho to lys i s .  

Goth t h e  393 and the  1241 cm'l f e a t u r e s  d isappear  r e a d i l y  on warmup, 

suggesting t h a t  they  a r e  con t r ibu ted  by a h igh ly  r e a c t i v e  spec ies .  

However, the appearance of the  393 cm f e a t u r e  bu t  not of t h e  1241 cm -1 -1 

f e a t u r e  i n  the  CO matr ix  experiments prec ludes  t h e  assignment of t h e s e  

two f ea tu res  t o  the  same spec ie s .  The 

t h a t  t h e  1241 cm-' f e a t u r e  i s  con t r ibu ted  by a s p e c i e s  conta in ing  only 

13 
C ma t r ix  experiments suggest 
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-1 ne ca rbon  atom. No s p l i t t i n g  i n  the 393 c m  f e a t u r e  h a s  been observeti 
1,- 

.3n A 'C ci1bst:tutiori. However, t he  a n t i c i p a t e d  s h i f t  f o r  t h e  bending 

Tode of CNN would be expected t o  be small, and could e a s i l y  no t  have 

b e e n  observed. 

the iiumbcr o f  valence e l e c t r o n s  and the  bending frequency of v a r i o u s  

l i n e a r  t r i a t o m i c  s p e c i e s ,  from which a va lue  near 400 c m  would be 

, , r i . d i c t ed  €or ChW. Assuming t h a t  the s k e l e t a l  bond d i s t a n c e s  determined 

f o x  dia7ornethanz b\* Cox, Thomas, and Sheridan 

.:l:;ci f o r  C 3 T  ~ n d  t l x r  t h e  393 cm f p a t u r c  may be  ass igned t c J  C N , 

tile ca l cu la t ed  bending frequencies  f o r  L LU ii ~ L I U  11 ly rli-e, 

- y t A c r g +  r l v e i v ,  384 and 390.6 cm . These values  are seen t o  agree u e l l  

13 

Herzberg and T r a v i s ( 2 )  have noted a c o r r e l a t i o n  between 

-1 

a r e  apTr3T-r i a t e  ( 2 4 , 2 5  1 

-1 1 2  14 1hR 

12-15--14 - . 12m14x,15x, 

-1 

87T* 

L i .e  nature  of t h e  s p e c i e s  c o n t r i b u t i n g  t o  t h e  f a r  u1 t r a~ : io l c t  

b t ?  .xcluded as a c o n t r i b u t o r  t o  the  observed s p e c t r a .  lhe  a v a i l a -  

b i l i t y  9f C atoms f o r  chemical r e a c t i o n  suggests  the p o s s i b i l i t y  t h a t  

21 



of i t s  spectral f ea tu res .  Ba l l ik  and Ramsay (26 ’27)  have concluded from 

a d e t a i l e d  a n a l y s i s  of t he  spectrum of C2 t h a t  t h e  ground s ta te  of t h i s  

spec ie s  i s  of ICs symmetry, wi th  t h e  311u s ta te  of C 2 ,  formerly thought 
g 

t o  be the  ground state of t h i s  spec ie s ,  some 610 cm-I  h igher .  Their  

summary of the  known e l e c t r o n i c  states of C2 i n d i c a t e s  t h a t  t h e  

d ‘E+ - x ‘E+ t r a n s i t i o n  occurs  near  43240 cm-’, o r  2313 i. 
ce ivab ly  t h i s  t r a n s i t i o n  may account f o r  some of t he  f e a t u r e s  observed 

i.n the  2200-2300 A reg ion  i n  t h e  argon and n i t rogen  matrix o b s e w a t i o n s .  

Con- 
U g 

0 

The f a i l u r e  of t hese  f e a t u r e s  t o  appear i n  the  carbon monoxide m a t r i x  

experiments would be cons i s t en t  with t h i s  p o s s i b i l i t y ,  s i n c e  C atoms 

have been found t o  react wi th  carbon monoxide. 

CONCLUSIONS 

The photo lys i s  of cyanogen az ide  i n  argon,  n i t r o g e n ,  carbon rnon- 

oxide ,  and carbon d ioxide  matrices wi th  r a d i a t i o n  of  longer  wavelength 

than  2800 A y i e l d s  p r imar i ly  molecular N2 and the  t r i p l e t  spec ie s  NCN. 
0 

The inf ra red-ac t ive  v i b r a t i o n a l  fundamentals of NCN have been observed 

a t  423 and a t  1475 cn;” i n  an  argon m a t r i x ,  wi th  s m a l l  s h i f t s  when t h e  

o ther  mat r ices  a r e  employed. I n  a d d i t i o n  t o  t h e  311u - 3E3- t r a n s i t i o n  

a t  3290 A previous ly  repor ted  f o r  NCN, a p rogres s ion  has  been observed 

i n  t h e  3000-2400 A region.  

g r e s s i o n  t o  a 3Z- - 3E- t r a n s i t i o n ,  wi th  e x c i t a t i o n  of t h e  upper -s ta te  

-1 
symmetric s t r e t c h i n g  v i b r a t i o n ,  wi th  an approximate va lue  of 1045 cm 

When NCN is  subjec ted  t o  r a d i a t i o n  of wavelengths s h o r t e r  t han  2800 A ,  

g 
0 

0 

It appears  reasonable  t o  a s s i g n  t h i s  pro- 

U t3 

. 
0 

i t  has  been observed t o  photolyze.  S tud ie s  i n  carbon monoxide and 

carbon dioxide ma t r i ces  i n d i c a t e  t h a t  both cyanogen az ide  and NCN undergo 

photodecomposition with the  product ion  o f  C atoms. 
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Table I 

INFRARED ABSORPTIONS (cm-l) APPEARTNG IN OBSERVATIONS ON Ar:N3CN SAMPLES 

14 O K  

I n i t i a l  A f t e r  Photolysis A f t e r  Photo lys i s  

(A > 2800 i) (A < 2800 L) 
444 

450 

655 ‘I 

86 5 

923 

1247 w 

1263 vs 

2101 vs 

2151 s 

2163 m-s 

2208 w s  

2249 vs 

423 m 

1475 s 

393 m 

984 vs 

1035 vw 

1236 w 

1241 m 

1923 m-s 

2058 w 

2102 m 

2108 sh 



Table 11 

FREQUENCIES (an-') OF HALOGEN-DEPENDENT FEATURES APPEAFtING AFTER 

UNFILTERED PHOTOLYSIS OF Ar:N3CN SAMPLES PREPARED USING B r C N  and C l C N  

B r C N  C 1CN 

984 996 

1035 1025 

1923 1945 

2102 2113 

2 108 2118 



Table I11 

Ini t ia 1 

ABSORPTIONS (crn-l) APPEARING IN N2:N3CN = 100 

1 4 -  OK 

After Photolyeis A f t e r  Photolysis 

(A > 2800 i) (1 < 2800 1) 

450 

454 

871 

874 

923 

93 1 

1258 

1261 

2 104 

2 106 

2116 w 

2160 

2175 

2213 

2216 

2222 sh 

2226 sh 

2245 

2247 

2253 

2258 

423 

1476 sh 

1478 

394 

984 

1038 

1225 w 

1249 sh 

1252 

1926 

2060 w 

21 12 



Table IV 

INFRARED ABSORPTIONS (an-') APPEARING I N  OBSERVATIONS 

1 5  

14 O K  

ON Ar:N3C N (95%) = 100 

A f t e r  Photo lys i s  A f t e r  Photo lys i s  I n i  t i a  1 

(x > 2800 i) 

44 1 42 1 385 

(1 < 2800 i) 

448 

852 

86 0 

9 18 

1468.5 39 1 

1218 

1238 

1892 

936 

1243 w 

1259 

2092 

2140 

2 149 

2 154 

2202 

2208 sh 

2214 w 

2224 

2030 w 

2092 (approx) 

223 1 



. 
Table V 

ABSORPTIONS OBSERVED FOR A I - : C O : N ~ ~ ~ C N  (50.5%) = 1 6 0 : l : l  

(excepting CO-dependent features) 

In i t ia l  
0 

X > 2800 A 
0 

X < 2800 A 

436 
444 sh 

44 7 
451 sh 

516 w 

655 w 

8 56 
859 sh 
865 sh 
868 
871 sh 

9 14 
916 8h 
922 sh 
9 25 
928 sh 

1190 w 
1198 w 

1247 
1259 vs 
1263 vs 

2093 sh 
2096 
2100 sh 
2 104 

(2135-2155 

2194 

2208 
22 13 
2220 sh 

obscured by CO) 

4 12 
423 

1435 
1475 

392 

1222 
124 1 

2028 vw 
2050 w 
2056 w 

2245 
2250 
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23 n, 
23 64 

23 27 

2302 

2271 

2&6 

2216 

2201 

2181 

2150 

2099 

5 
0 
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13 

15 

lc! 

6 

10 

10 
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10 

60 

2500 

2 Q J  

23s3 

2333 

23u+ 

2276 

2253 

2227 

2207 

2154 

-23-34 

2105 

205 5 





Table VI11 

FREQUENCIES (cm-l) OF ISOTOPICALLY-SUBSTITUTED NCK 

Species Observed Calculated 

4 23 .... 14N12c 14x 

1475 .... 
42 I: 43 1 1.iN12c 1% 

1468.5 1467.6 

412 411.4 14N13c 14x 

1435 1434.8 



Table IX 

TIIEBMODYNAMIC PROPERTIES (cal/mole-OK) OF NCN 

(assuming v = 808 an-') 1 

C 0  
P 

0 Ho - Ho 
m 

-(Fo - Hg) 
m 

SO 

273.16 10.22 8.16 45 . 1 2  53.28 

298.16 10.53 8.35 45.85 54.19 

300 10.55 8.36 45.90 54.26 

400 11.56 9.04 48.40 57.44 

500 12.30 9.62 50.48 60.10 

6 00 12.85 10.12 52.28 62.40 

700 13 -27 10.55 53 . 88 64.42 

800 13.56 10.90 55.30 66.20 

900 13.79 11.21 56.61 67.81 

1000 13.97 11.47 57.80 69.28 

1100 14.11 1 1 . 7 1  58.90 70.61 

1200 14.22 11.91 59.93 71.85 

1300 14.31 12.09 60.89 72.99 

1400 14.39 12.26 61.80 74.06 

1500 14.45 12.40 62.65 75 05 

2000 14.64 12.94 66.30 79.24 

3000 14.78 13.53 71.66 85.20 
. . . . . e . . . . . . . . . . . . . . . . . . . . .  . . ~ . ~ ~ . ~ * *  

(assuming v = 1000 cm-1) 1 
300 10.29 a .2a 45.88 54.15 

1.000 13.87 11.31 57.59 68.91 

3000 14.77 13 -45 71.32 84.78 



Figures la, b 

ArlN3CN = 300. 14°K 

91 p moles N3CN 

before photolysis 

--- 90 min .  photolysis through Pyrex 

---- 15 min. photolysis through CsI, plus 

30 min .  photolysis through L i F  
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Figures 2a, b 

N *N CN = 100. 14'K. 

170 p mole N3CN 

2 '  3 

be fore photolysis 

--- 15 min.  photolysis through C s I  

- - - -  85 min. photolysis through C s I  
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Figure 3 

Vltraviolet Absorption of N3CN After 

Brief Period of Photolysis  

(a) N2 matrix 

(b) CO matrix 

(c) Ar matrix 
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Figure 4 

Near Ultraviolet  Absorption Spectrum 

After Prolonged Photolysis of N3CN 

(a) CO matrix 

(b) Ar matrix 

( c )  N2 matrix 
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Figure 5 

Far Ultraviolet Absorption Spectrum 

After Prolonged Photolysis of N3CN 

(a) Ar matrix 

(b) N2 matrix 

( c )  Ar:C2N2 

c 
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